The electronic bandgap is an intrinsic property of semiconductors and insulators that largely determines their transport and optical properties. As such, it has a central role in modern device physics and technology and governs the operation of semiconductor devices such as p-n junctions, transistors, photodiodes and lasers 1 . A tunable bandgap would be highly desirable because it would allow great flexibility in design and optimization of such devices, in particular if it could be tuned by applying a variable external electric field. However, in conventional materials, the bandgap is fixed by their crystalline structure, preventing such bandgap control. Here we demonstrate the realization of a widely tunable electronic bandgap in electrically gated bilayer graphene. Using a dual-gate bilayer graphene field-effect transistor (FET) 2 and infrared microspectroscopy 3-5 , we demonstrate a gate-controlled, continuously tunable bandgap of up to 250 meV. Our technique avoids uncontrolled chemical doping [6] [7] [8] and provides direct evidence of a widely tunable bandgap-spanning a spectral range from zero to mid-infrared-that has eluded previous attempts 2,9 . Combined with the remarkable electrical transport properties of such systems, this electrostatic bandgap control suggests novel nanoelectronic and nanophotonic device applications based on graphene.
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Graphene's unique electronic band structure has led to fascinating phenomena, exemplified by massless Dirac fermion physics [10] [11] [12] and an anomalous quantum Hall effect [13] [14] [15] [16] . With one more graphene layer added, bilayer graphene has an entirely different (and equally interesting) band structure. Most notably, the inversion symmetric AB-stacked bilayer graphene is a zero-bandgap semiconductor in its pristine form. But a non-zero bandgap can be induced by breaking the inversion symmetric of the two layers. Indeed, a bandgap has been observed in a one-side chemically doped epitaxial graphene bilayer 6, 8 . Of particular importance, however, is the potential of a continuously tunable bandgap through an electrical field applied perpendicularly to the sample [17] [18] [19] [20] . Such control has proven elusive. Electrical transport measurements on gated bilayer exhibit insulating behaviour only at temperatures below 1 kelvin 2 , suggesting a bandgap value much lower than theoretical predictions 17, 18 . Optical studies of bilayers have so far been limited to samples with a single electrical gate 4, 5, 9 , in which carrier doping effects dominate and obscure the signatures of a gate-induced bandgap. Such lack of experimental evidence has cast doubt on the possibility of achieving gatecontrolled bandgaps in graphene bilayers 9 . Here, we use novel dual-gate graphene FETs to demonstrate unambiguously a widely field-tunable bandgap in bilayer graphene with infared absorption spectroscopy. By using both top and bottom gates in the graphene FET device we are able to control independently the two key semiconductor parameters: electronic bandgap and carrier doping concentration.
The electronic structure near the Fermi level of an AB-stacked graphene bilayer features two nearly parallel conduction bands above two nearly parallel valence bands (Fig. 1d) 
21
. In the absence of gating, the lowest conduction band and highest valence band touch each other with a zero bandgap. Upon electrical gating, the top and bottom electrical displacement fields D t and D b (Fig. 1c ) produce two effects ( With the values of e/d and gate voltage offsets, the displacement electric field can be determined within an uncertainty of about 10%. We note that although CNP resistance data shows an increase with the field-induced bandgap, the increase is much smaller than expected for a large energy gap opening. This is attributed to extrinsic conduction through defects and carrier doping from charge impurities in our samples.
To determine the true bilayer bandgap reliably, we used infrared microspectroscopy 3, 4 . Such an optical determination of the electronic bandgap is generally less affected by defects or doping than electrical transport measurements 2 . Figure occur at and above the energy of parallel band separation (c ; 400 meV) and contribute to the spectral feature near 400 meV.
The absorption peak below 300 meV in Fig. 2b shows pronounced gate tunability: it gets stronger and shifts to higher energy with increasing D D. This arises because as the bandgap increases, so does the density of states at the band edge. The peak position, corresponding to the bandgap, increases from 150 meV at D D 5 1.4 V nm 21 to 250 meV at D D 5 3 V nm 21 . This shows directly that the bandgap can be continuously tuned up to at least 250 meV by electrical gating. The bandgap transitions are remarkably strong: optical absorption can reach 5% in two atom layers, corresponding to an oscillator strength that is among the highest of all known materials. On the basis of the sum rule, a reduction of absorption below the bandgap should accompany the prominent band-edge absorption peak. This absorption reduction is clearly observed in the trace with the largest bandgap (D 5 250 meV) in our experimental spectral range. We also notice in Fig. 2b a very sharp spectral feature at 1,585 cm 21 (about 200 meV). This narrow resonance can be attributed to the zonecentre G-mode phonon in graphene 22 . The asymmetric lineshape originates from Fano interference between the discrete phonon and continuous electronic (bandgap) transitions.
When the displacement field D D is weak (,1.2 V nm 21 ), the gateinduced bandgap becomes too small to be measured directly. However, it can still be extracted from spectral changes around 400 meV induced by electron doping through gating. This is achieved by measuring the difference in bilayer absorption for dD 5 0 (CNP) and dD 5 0.15 V nm 21 (electron-doped) at different fixed D D values (Fig. 3a) . We first examine the optical transitions in Fig. 2a , to understand the bilayer absorption difference due to electron doping. With electrons occupying the conduction band states, transition IV becomes stronger from extra filled initial states and transition III becomes weaker because of fewer available empty final states. However, transition IV is more prominent and gives rise to the observed peaks in the absorption difference spectra because all such transitions have similar energy owing to the nearly parallel conduction bands. When the bandgap increases with increasing D D, the lower conduction band moves up, but the upper conduction band hardly changes, making the separation between the two bands smaller. This will lead to a redshift of transition IV. Therefore, the shift of the peak in the difference spectrum can yield the bilayer bandgap when compared to theory. When the gate-induced bandgap is small, this shift equals roughly half of the bandgap energy. At higher D D values, deviation from the near-parallel band picture becomes significant and a broadening of the absorption peak takes place (Supplementary Fig. S1 ).
We obtained quantitative understanding of the gate-induced bandgap and its associated optical properties through comparison of our data to theoretical predictions. We modelled the bilayer absorption using the self-consistent tight-binding model following ref. 23 , except that the bandgap was treated as a fitting parameter here. We have included a room-temperature thermal broadening of 25 meV and an extra inhomogeneous broadening of 60 meV to account for sample inhomogeneity. We note that this large inhomogeneous broadening is comparable to that estimated from transport studies 24 and it accounts for the difficulty in electrical determination of the bilayer graphene bandgap. Figure 2c shows our calculated gateinduced absorption spectra and bandgaps of bilayer graphene extracted by matching the absorption peak between 130-300 meV in the 'large bandgap' regime (D . 120 meV). Agreement with the experimental spectra (Fig. 2b) is excellent, except for the phonon contribution at ,200 meV, which is not included in our model. For the 'small bandgap' regime (D , 120 meV), we are able to determine the bilayer bandgap by comparing our model calculations to the measured absorption difference spectra shown in Fig. 3a . Our calculations (Fig. 3b) provide a good qualitative fit to the absorption peak that arises from electron transition IV: this absorption peak shifts to lower energy as the bandgap becomes larger, reproducing the observed behaviour at increasing displacement field D D in Fig. 3a . By matching the experimental and theoretical values of this absorption peak shift, we can extract the bilayer bandgap at different D D in the 'small bandgap' regime. Figure 4 shows a plot of the experimentally derived gate-tunable bilayer bandgap over the entire range (0 , D , 250 meV) as a function of applied displacement field D D (data points). Our experimental bandgap results are compared to predictions based on self-consistent tight-binding calculations (black trace) 23 , ab initio density functional (red trace) 18 , and unscreened tight-binding calculations (dashed blue line) 7 . Clearly the inclusion of graphene self-screening is crucial in achieving good agreement with the experimental data, as in the selfconsistent tight-binding and ab initio calculations. The ab initio ) and charge-neutral bilayers (dD 5 0) at different average displacement fields D D. The curves are displaced by multiples of 0.5% for clarity. The absorption peak is mainly due to increased absorption between nearly parallel conduction bands from extra filled initial states (transition IV in Fig. 2a ). This absorption peak shifts to lower energy due to the opening of the bilayer bandgap with increasing D D. b, Calculated absorption difference spectra based on a tight-binding model using the gate-induced bandgap as an adjustable parameter. Good agreement between theory and experiment on the absorption peak redshift (black dashed lines in a and b) yields the gateinduced bilayer bandgap at weak gating. calculation predicts a slightly smaller bandgap than does the tightbinding model. This is partly owing to the different values used for onsite interlayer coupling c 1 , which is 0.4 eV for the tight binding and 0.34 eV for the ab initio calculations. Similar underestimation of bandgaps by ab initio local density functional calculations is common for semiconductors 25 . Our study shows a confluence of interesting electronic and optical properties in graphene bilayer FETs, which provide appealing opportunities for new scientific exploration and technological innovation. The achieved gate-tunable bandgap (250 meV), an order of magnitude higher than the room-temperature thermal energy (25 meV), emphasizes the intrinsic potential of bilayer graphene for nanoelectronics. With the tunable bandgap reaching the infrared range, and with the unusually strong oscillator strength for the bandgap transitions, bilayer graphene may enable novel nanophotonic devices for infrared light generation, amplification and detection.
METHODS SUMMARY
Graphene bilayer flakes were exfoliated from graphite and deposited onto Si/SiO 2 wafers as described in ref. 26 . Bilayers were identified by optical contrast in a microscope and subsequently confirmed via Raman spectroscopy 22 . Source and drain electrodes (Au, thickness 30 nm) for transport measurement were deposited directly onto the graphene bilayer through a stencil mask under vacuum. The doped Si substrate under a 285-nm-thick SiO 2 layer was used as the bottom gate. The top gate was formed by sequential deposition of an 80-nm-thick Al 2 O 3 film and a sputtered strip of 20-nm-thick Pt film. The Pt electrode was electrically conductive and optically semi-transparent. Two-terminal electrical measurements were used for transport characterization. We extracted a carrier mobility of ,1,000 cm 2 V 21 s 21 from the electrical transport measurements. Infrared transmission spectra of the dual-gated bilayer were obtained using the synchrotron infrared beamline at the Advanced Light Source at Berkeley and a microFourier transform infrared spectrometer. All measurements were performed at room temperature (293 K).
